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Abstract
Grotta del Romito has been the subject of numerous archaeological, chronological and 
palaeoenvironmental investigations for more than a decade. During the Upper Palaeolithic 
period the site contains evidence of human occupation through the Gravettian and 
Epigravettian periods, multiple human burials, changes in the pattern of human occupation, 
and faunal, isotopic and sedimentological evidence for local environmental change. In spite 
of this rich record, the chronological control is insufficient to resolve shifts in subsistence and 
mobility patterns at sufficiently high resolution to match the abrupt climate fluctuations at 
this time. To resolve this here we present new radiocarbon and tephrostratigraphic dates in 
combination with existing radiocarbon dates, and develop a Bayesian age model framework 
for the site. This improved chronology reveals that local environmental conditions reflect 
abrupt and long-term changes in climate, and that these also directly influence changing 
patterns of human occupation of the site. In particular, we show that the environmental record 
for the site, based on small mammal habitat preferences, is chronologically in phase with the 
main changes in climate and environment seen in key regional archives from Italy and 
Greenland. We also calculate the timing of the transitions between different cultural phases 
and their spans. We also show that the intensification in occupation of the site is 
chronologically coincident with a rapid rise in Mesic Woody taxa seen in key regional pollen 
records and is associated with the Late Epigravettian occupation of the site. This change in 
the record of Grotta del Romito is also closely associated stratigraphically with a new tephra 
(the ROM-D30 tephra), which may act as a critical marker in environmental records of the 
region.
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Introduction
Glacial refugia are key geographic areas for understanding long-term human and biological 
responses to Late Pleistocene climate variability in Europe (Gamble 2004; 2005; Willis and 
Whittaker, 2000). It is now widely accepted that large parts of the European population, as 
well as many species of animals and plants, were contracted to southern areas of the 
subcontinent around the Last Glacial Maximum, or more strictly Greenland Stadial 2 at 27–
19 ky ago (Gamble et al., 2004; 2005; Willis and Whittaker, 2000; Bocquet-Appel et al. 
2005; Torroni et al., 2011; Brewster et al., 2014; Fu et al., 2016; Posth et al., 2016; 
Rasmussen et al., 2006; 2014). Southwest France and the Iberian and Italian Peninsulas were 
critical areas for human population and biological concentration and sources of postglacial 
expansion to northern and central areas of Europe (Sommer and Nadachowski 2006; Torroni 
et al., 2011; Brewster et al., 2014; Tallavaara et al., 2015; Fu et al., 2016; Posth et al., 2016). 
However, given the variability of climate conditions in southern Europe during the 
Lateglacial (Strandberg et al., 2011), as well as the complexity of archaeological and genetic 
records (e.g. Tallavaara et al., 2015), correlations between demographic, cultural and genetic 
evidence are not straightforward. A thorough understanding of the impact of Late Pleistocene 
environmental changes on European populations require robust intra-situ chronological 
frameworks to link climate events - often derived from highly resolved environmental 
archives - with archaeological records essentially preserved in sedimentary deposits in rock-
shelters and caves. These are by far the most widely accessed sources of material culture and 
biological information for understanding trends and patterns in Late Pleistocene human-
environment interaction in Southern Europe and Mediterranean areas (Woodward and 
Goldberg 2001). However, the complex and discontinuous nature of archaeological and 
environmental deposits in caves, and the imprecision of individual calibrated 14C ages, 
require the application of statistical methods for constraining the time of cultural and 
environmental events within such archives, in relation to regional records (Bronk Ramsey 
2009 a,b).
While models of hunter gatherer occupation of southern Europe have existed for many years 
it is only recently, with the significant advance in our understanding of the impact of abrupt 
climate change on Southern, as well as Northern Europe, that archaeologists are attempting to 
test these models against records of abrupt regional climate change. Pellegrini et al. (2008), 
for example, proposed to evaluate Higgs’s (Higgs and Jarmon, 1975) model of hunter-
gatherer transhumance in Mediterranean Europe during the Lateglacial. Their aim was to test 
if the principal resources of the hunter-gatherers, red deer according to Higgs and Steppe 
horse according to Barker (1981), migrated between the uplands where they grazed on 
summer pastures and coastal lowlands where they overwintered. If these species didn’t 
migrate then the hunter-gatherers would not find it necessary to move between coast and 
uplands. Using primarily oxygen stable isotope measurements along the growth direction of 
tooth enamel, they conclude that there was not consistent patterning of migratory behaviour 
as predicted by Higgs or Barker. This led to the favouring of Stiner’s (Stiner et al., 2000) 
model of regional specialisation beginning during the Last Glacial Maximum. Yet, the 
inadequate chronological control available to studies such as Pellegrini et al. (2008) means 
that we cannot fully understand if variability in animal behaviour is strongly influenced by 
abrupt Late Quaternary climate change.
Grotta del Romito (southern Italy) preserves one of the most detailed sedimentary records of 
human occupation of the entire Italian Peninsula during the late last glacial period (e.g. 
Martini 2002; Ghinassi et al., 2009; Craig et al., 2010; Martini and Lo Vetro, 2011; Lopez-
Garcia et al., 2014). The cave was occupied almost uninterruptedly from the Last Glacial 
Maximum (LGM) to the Holocene, providing well-established cultural evidence related to 
Gravettian, Epigravettian, and more recently to Early Mesolithic and Neolithic cultures 
(Martini et al., 2007; 2016; Lo Vetro and Martini, 2016). Extraordinarily, the cave also 
contains rare evidence of Palaeolithic rock art and multiple intact human burials, making 
Grotta del Romito one of the most significant Upper Palaeolithic sites in the southern Europe.
In this study we have revised the Upper Palaeolithic chronostratigraphic framework of Grotta 
del Romito by applying Bayesian Sequence modelling (Bronk Ramsey 2008) on new (Table 
1) and existing radiocarbon dates performed on faunal, human and charcoals remains from 
the Gravettian to the Epigravettian levels. We have integrated the available depositional 
information (well-resolved sedimentary and cultural data), including the study of a tephra 
deposit with a great potential to become a regional marker for the onset of the last glacial 
interstadial, to generate a formal Bayesian model using the IntCal 13 calibration curve 
(Reimer et al., 2013). Built on the revised chronology, we compare the regional and North 
Atlantic palaeoclimate records (Brauer et al., 2007; Rasmussen et al., 2014) with available 
palaeoenvironmental information from the sedimentary deposits derived from micro and 
large mammals (Bertini Vacca, 2012; Bertini Vacca et al., 2012; Lopez-Garcia et al., 2014), 
and stable isotope analysis on land snail shells (Colonese et al., 2007). The results place the 
Last Glacial human occupation sequence of Grotta del Romito in a broad palaoenvironmental 
context and provide new chronological elements for understanding the cultural and 
environmental history of southern European refugia during the last Ice Age. This provides 
one of the most detailed site chronologies to date for an archaeological site covering this time 
period in Southern Europe. This, in turn, enables firmer assessment of human subsistence 
responses to abrupt climate changes at mid-latitude locations and even perhaps second order 
demographic responses, such as those suggested by important broader regional scale studies 
(e.g. Gamble et al., 2004, 2005). 
2. Stratigraphic, archaeological and chronological settings 
2.1. Palaeoclimatic setting
Climate conditions during the period of human occupation of the cave include cold periods 
such as the Last Glacial Maximum (LGM), which dates to ~26.5 to 19 ky BP (thousands of 
years Before Present (Hughes et al., 2013), and the Heinrich 1 stadial, dated to ~ 17-16 ky BP 
(Rasmussen et al., 2014). There are additionally abrupt climatic shifts that characterise the 
transition from the Pleistocene to the Holocene, commonly known as the Last Glacial to 
Interglacial Transition (LGIT; Lowe et al., 2001). Key features of this period have been 
predominantly described in the North Atlantic realm and include abrupt warming and cooling 
events. The event stratigraphic scheme outlined by the INTegrating Ice core, MArine, and 
TErrestrial records (INTIMATE) group adopts the now commonly used term for these events 
as Greenland Interstadials (GI) for warm phases and Greenland Stadial (GS) events for 
cooling episodes. Moreover, the long GI-1 interstadial (~14,692 – 12,896 ice core years b2k; 
Rasmussen et al., 2014) is subdivided into five warm and cooler sub-stages. While initially 
defined for the North Atlantic region, climatic and environmental events observed in the 
Mediterranean region have been proposed as close correlatives of these North Atlantic 
events. For example, significant shifts in arboreal to non-arboreal pollen and vegetation 
biomes recorded in Mediterranean lacustrine sequences have been proposed as evidence of 
direct response of North Atlantic forcing (Allen et al., 1999; Tzedakis 2005). Additional 
evidence for a coupled climate response between the Mediterranean and the North Atlantic 
comes from marine sea surface temperature records (Rohling et al., 2002; Siani et al., 2001; 
2013). Finally isotopic variability in both marine and terrestrial palaeoenvironmental records 
from the Mediterranean have been, in part, attributed to North Atlantic climate forcing (e.g. 
Bar Matthews et al., 1999; Robinson et al., 2006), although the interpretation of both carbon 
and oxygen isotopic variability in Mediterranean contexts is complicated by the competing 
influences of temperature and aridity (e.g. Candy et al., 2012). Nevertheless, there is 
substantial evidence for significant climate variability in the Mediterranean that is of 
importance for understanding inter alia the exact relationship between North Atlantic and 
Mediterranean climates; human adaptation to abrupt climate change; and faunal responses to 
vegetation turnover. Due to the inherent influences of local and regional factors it is 
imperative to compare local evidence for changes with key regional palaeoclimate signals as 
well as important Northern Hemisphere stratotypes, such as the Greenland ice core records. 
Importantly for understanding the relationship between climate and patterns of human 
subsistence and dispersal it is necessary to be able to test the relationship between local and 
regional environments, where populations actually lived, and regional to global scale archives 
of climatic change, such as the Greenland ice cores that provide the overall climatic template.
2.2. Stratigraphic and archaeological record 
Grotta del Romito is located in Calabria (39.054’ N 15.055’ E; Figure 1), in southern Italy, 
and about 25 km inland from the Tyrrhenian Sea (Martini et al., 2003). The cave is set in 
Jurassic limestone underlain by Triassic dolomite and consists of a partially collapsed outer 
rockshelter and a main inner cave, which were connected during the Palaeolithic period to 
form a large cavity (Fig. 1, 2-4). The site was first excavated in the 1960s by Paolo Graziosi 
(Graziosi, 1962, 1971), who opened archaeological trenches both in the cave and under the 
rock-shelter (Fabbri et al., 1989). From 2000 onwards new archaeological excavations 
expanded the former trench within the cave bringing to light well-preserved Palaeolithic and 
Mesolithic deposits (Martini and Lo Vetro, 2005a,b : 2007; 2011; Martini et al., 2007; 2016). 
The inner stratigraphic sequence subject to the present study is composed of twelve main 
archaeological units (Layers A – N), containing archaeological levels (often recognisable as 
palaeosurfaces) covering a period from ~23 to 10 ky uncal. BP (Martini et al., 2007; Ghinassi 
et al., 2009; Martini and Lo Vetro, 2011). These units include material culture associated to 
the Middle-Late Gravettian (units N, M, L, I, H, G), Early Epigravettian (F), and Evolved to 
Late Epigravettian (E, D) (Fig. 2 and 3). The main subdivisions of the stratigraphic units (or 
layers) are based on changes in lithology, while archaeological levels are used to define sub 
units (or sub-layers). The layers are predominantly coarse- to fine-grained cave sediments, 
derived from weathered limestone and in-washed sediment, with additional larger clasts of 
deposited limestone, although there is a significant shift between units E and D, with the 
former consisting predominantly of a mix of alluvially derived sediments and the latter 
comprising mainly anthropogenic sediments (Ghinassi et a., 2009), reflecting increased 
human occupation from unit D onwards at the deactivation of the water runoff inside the 
cave. 
The sedimentary deposit within the cave is generally well-ordered, although few disturbances 
occurred due to a series of human burials and other archaeological features (e.g. pits), 
especially in the upper part of the sequence (units D and C). Deposits A and B were heavily 
disturbed by Neolithic and historical activities, and A is not considered in this paper, although 
we have tested samples from B. A useful stratigraphic marker within the cave stratigraphy is 
the presence of a visible tephra layer within unit D30. This layer has not until now been 
chemically analysed or associated to any known Italian volcanic deposits and, thus, analysis 
of this deposit is an additional objective of the chronological re-evaluation of this 
sedimentary record.
The outer rockshelter preserves sediments dated to the Early Holocene (Early Mesolithic and 
Middle Neolithic) superimposing a Terminal Pleistocene (Late Epigravettian) deposit that 
partially matches to the upper part of the inner sequence. 
The archaeological relevance of Grotta del Romito lies notably on the presence of rock art 
and nine intact Upper Palaeolithic human burials (ROMITO 1-9) dated to the Epigravettian; 
(Graziosi 1962; 1971; Fabbri et al., 1989; Martini 2006; Craig et al., 2010; Martini and Lo 
Vetro 2011; De Silva et al 2016), a detailed archaeological record of increasing 
intensification of human occupation and abundant Late Pleistocene micro and large mammal 
remains (Fig. 2) representing distinct environments and subsistence strategies over thousands 
of years (Martini et al., 2007; Bertini Vacca, 2012; Bertini Vacca et al., 2012; Lopez-Garcia 
et al., 2014). Snail shells were also recovered from the archaeological deposit. Their stable 
isotope and taxonomic composition reveals considerable environmental changes during the 
later phase of occupation of the site (Colonese et al., 2007).
2.3. Radiocarbon dates
The radiocarbon data for Grotta del Romito span from the LGM to the end of the LGIT and 
are reported in Table 1 in relation to the archaeological units and sub-units. The site 
chronology is underpinned by 24 stratigraphically consistent radiocarbon ages performed on 
charcoal (Martini et al., 2007; Craig et al., 2010; Martini and Lo Vetro, 2011; Lopez Garcia 
et al. 2014). Most of these samples were analysed at CEDAD radiocarbon facilities (Lecce), 
and a few at Beta Analytic (Miami). Samples from the Lecce radiocarbon laboratory are also 
reported with δ13C values, which are used as both a correction for sample fractionation but 
also as a guide to some forms of sample contamination. For example, in chalk and limestone 
dominated geology less negative δ13C values, closer to those normally associated with marine 
carbonates, may indicate the potential from some geological (dead) carbon contamination of 
the sample, and the potential for dates to be too old. In the case of the Grotta del Romito 
samples δ13C values are predominantly in the range expected for terrestrial C3 organic 
material and while there is some scatter in the range charcoal values are normally in the range 
of -25‰ and faunal material in the range of ~ -20‰. These data are supplemented by three 
AMS radiocarbon determinations on human burials from the site (Craig et al., 2010). Of 
these, one sample (LTL3033A) comes from the rock shelter levels lying outside the main 
Grotta del Romito sequence and does not form part of this age modelling exercise. However, 
it does provide a constraining age for the sequence within the cave. The direct date for 
ROMITO 9, sample LTL3034A (layer E16), a burial disturbed ab antiquo (Martini and Lo 
Vetro 2011), is inconsistent with the AMS data of Layer E16 and also with the chronological 
sequence of the layer E. The direct date for ROMITO 3, sample LTL3032A, from a burial 
excavated in the 1960’s, is also problematic as there is some degree of uncertainty in the 
exact stratigraphic position of this burial, although it is quite consistent with the chronology 
of the other Late Epigravettian burials unearthed inside the cave. Both Romito 9 and Romito 
3 direct data are thus excluded from further consideration.
In addition to these data here we present new AMS radiocarbon determinations from animal 
tooth samples (ROM-1 to ROM-7; Tab. 1). These dates all have securely recorded 
association to a particular stratigraphic layer within the cave sequence, and were all initially 
considered as part of the age modelling process. Tooth samples were selected for analyses for 
a number of reasons. Firstly, the dentine from these samples were highly suitable for 
extraction and preparation of collagen by ultrafiltration (e.g. Rodríguez-Rey  et al., 2015); 
secondly, analyses of strontium and oxygen isotopes from the tooth samples (Pellegrini et al., 
in preparation) will allow further understanding of faunal mobility within the site and 
surrounding region. Additionally, while the archaeological assignment to a particular 
stratigraphic layer is secure, due to the potential for material to be moved due to human 
deposit-reworking, and the general quality assurance issues in archaeological radiocarbon 
dating (e.g. Housely et al., 1997; Pettitt et al., 2003; Blockley et al., 2006; Higham et al., 
2006; 2009), a result of this age modelling process is an evaluation of how well the new tooth 
AMS dates fit in with their assigned position in the units and sub-units of the Grotta del 
Romito sequence and the overall site chronology. 
2.4 Tephra
The Grotta del Romito record also contains a visible tephra layer within unit D 30 of the 
stratigraphic sequence, which is a rare occurrence in late Pleistocene archaeological records 
from this region of Italy. Given this, along with the fact that Grotta del Romito is an 
important Late Upper Palaeolithic record for the region, it is an important objective of this 
study to chemically classify this tephra and calculate its likely age for future studies, and if 
possible correlate it to known volcanic eruptive records. 
3. Methods
3.1. Age modelling 
The predominantly well-ordered stratigraphic deposit of the Grotta del Romito (Fig. 3), and 
the fact that the majority of the radiocarbon ages were sampled from hearth units within 
defined cultural layers (Tab. 1), make this sedimentary record suitable for Bayesian sequence 
analyses. The radiocarbon ages from the site reveal a sequentially ordered age depth 
relationship. In order to assess the age versus depth relationships a Bayesian modelling 
approach was adopted. There are a number of potential models available for a depositional 
sequence within the programme OxCal, with different Bayesian Priors that are deemed to be 
appropriate for differing levels of prior information about a sequence. These range from a 
Phase model, comprising an unordered group or set of groups (Bronk Ramsey 2009a), 
through Sequence models, for ordered groups, that utilise the principles of stratigraphy and 
succession as part of the prior model. More recently these have been further developed into 
models that incorporate sediment deposition through a Poisson model of sediment formation 
(P_Sequence; Bronk Ramsey 2008; 2009a; Blockley et al., 2008).
While all of these models have been applied successfully in Quaternary records, a Sequence 
model with nested Phases is deemed most appropriate for Grotta del Romito and is applied in 
this study. The stratigraphy of the site comprises an ordered sequence of layers and sub-
layers, with radiocarbon dates on archaeological horizons, hence a sequential model is 
suitable. In some of the sub-layers, however, there are several ages with no internal 
stratigraphic order, as they are sampled from different structures (i.e. hearths) or areas in the 
same sub-layer. In these cases only their assignment to a stratigraphic sub-unit and its overall 
position within the scheme is available. Multiple dates on the same stratigraphic layer in 
different parts of the site are included in the model as nested phases within the overall 
sequence (e.g., Buck at al., 1991 for the principle of sequences and nested phases). Such 
models have been used in numerous archaeological sites and have been particularly effective 
in long cave records such as Grotta del Romito (e.g. Clarke-Balzan 2012). 
The Sequence model is a priori; it incorporates the laws of stratigraphy and succession and 
assumes that age should increase with depth, along with the radiocarbon dates and calibration 
information (i.e. IntCal13; Reimer et al., 2013). In addition, in order to recognise the potential 
for unconformities or differences in deposition between the main lithological boundaries (B-
G) these units are separated by Boundaries. These are functions used within many Bayesian 
age modelling priors that allow the separation of different units within a model (see Bronk 
Ramsey 2008). Each calibrated radiocarbon date is constrained during the calibration process 
by the stratigraphic succession, the calibration curve and the ranges of all the other dates in 
the sequence, to produce a Highest Probability Density Function (HPDF) for each date (Fig. 
4, Tab. 1, 2 and 3) in the model and their assignment to individual sub-layers within the 
strata. While most of the sub-units in the cave contain material suitable for radiocarbon 
dating, at least in the time period under study, some sub-units do not have assigned ages. 
Within a Sequence model it is possible to infer the likely ranges for events between dated 
horizons, with varying degrees of uncertainty. Here a small number of undated layers 
between dated layers (sub units C1, D2-4, D9 and D12) have had their ages estimated from 
their relative sequential position within the model. These have been incorporated as they 
contain evidence for human presence and are thus important for any discussion of the pattern 
of human occupation in relation to environmental change. We have not, however, attempted 
any further constraints on the chronology, by, for example, applying a depositional 
P_Sequence  model. This is due to the nature of human occupation of the site potentially 
leading to disturbed layers. This means that while we would expect the site predominantly to 
respect our simple constraint that age should increase with stratigraphic depth we are less 
sure that we are recording continuous deposition, and thus have not attempted deposition 
modelling. Our primary model is, thus, ordered by stratigraphic position within the sequence 
and this is used in all of the main outputs from this exercise (Table 2 and Figures 4, 7-9, with 
outlier information in Table 3). We have, however, also run a second variant of the model 
(Table 4a) where we have retained the straitgraphic ordering but also grouped dates in to 
separate sequences by their archaeological cultural affinities (Evolved Gravettian [units M-L-
I]; Late Gravettian  [units H-G]; Early Epigravettian [unit F]; Evolved Epigravettian [unit E]; 
Late Epigravettian [units D,C,B]). This separation allows us to calculate the timing of the 
transitions between the cultural layers and the spans of each of the phases of occupation of 
the site.  This also shows (Table 4b) the composition of the sedimentary facies and 
sedimentary units of each of the different cultural zones.
 It is also essential, in this case, to address the potential for individual dates to be outliers. 
There has been much debate as to the best approach to dealing with outliers in Bayesian 
modelling. Approaches include using the level of agreement between Prior age distributions 
and Posterior model output as a criteria for questioning dates (Blockley et al., 2004). More 
recently Bayesian formal approaches proportionally reduce the influence of likely outlying 
dates (Bronk Ramsey 2009b) and the overall likelihood of any given date being an outlier can 
be set a priori. Here we adopt the formal automatic outlier detection approach outlined in 
Bronk Ramsey (2009b) and have applied the General (t) Outlier model, because likely causes 
for outliers include issues of radiocarbon pre-treatment but also stratigraphic reworking 
(cultural and bioturbation). As the sequence stratigraphy is relatively well defined we have 
set the possibility for any individual date to be an outlier at 5% and outliers are reported in 
Table 3 and discussed in the text in more detail. 
3.2. Tephrochronology
Importantly the main cave sequence has a visible tephra horizon in layer D30 (ROM-D30 
hereafter), at a mid-point depth, relative to the cave datum, of 220 cm below datum and with 
an average thickness of 10 cm. This is underlying to a layer that has yielded a radiocarbon 
sample with an age of 12,494 ± 75 b.p. placing this tephra around the period of the transition 
between the GS-2 stadial and the onset of GI-1 in the INTIMATE event stratigraphy 
(Rasmussen et al., 2014). While the final model age for this tephra will be discussed below it 
is worth noting that the radiocarbon age suggests that it is slightly older than the widespread 
Neapolitan Yellow Tuff (NYT) eruption that occurs in the early part of GI-1 with a reported 
radiocarbon age of 12,100 ± 170 b.p (Siani et al., 2004). In order to better constrain the 
provenance of the Romito-D30 tephra, samples were taken for WDS-EPMA (Wavelength 
Dispersive Electron Probe Micro Analyses) at the University of Oxford. Glass from top, 
middle and base of the visible tephra unit (samples RH295, 296, 297, 298, 299 and 301) were 
sieved through 125 µm and 15 µm mesh sizes and mounted onto stubs and coated in resin. 
They were then ground and polished to a 0.25 µm before carbon coating. Samples were run 
using the protocols outlined for the RESET project (e.g. Lowe et al., 2012), with a beam 
diameter of 10µm and a current of 5nA. This generated major and minor element data (Tab. 
2) for 9 oxides and these were compared to a large geochemical data set from the RESET 
project and from the published literature including proximal tephra units, long lacustrine 
archives and Adriatic marine cores (Wulf et al., 2004, 2008; Siani et al., 2004; Tomlinson et 
al., 2012; Matthews et al., 2015). Glass reference standards were run routinely during the 
analyses to check for instrumental drift and are available as supplementary data. The majority 
of the data used for comparison comes from the RESET project (Tomlinson et al., 2012) and 
the samples analysed in both this study and the RESET project use the same EPMA facility 
and the same operating conditions. For data derived from projects outside RESET (Wulf et 
al., 2004; 2008) instrument operating conditions were comparable to those used in this study. 
While Wulf et al. (2004; 2008) studies differ in terms of secondary standards, a number of 
comparative analyses have been successfully undertaken between that data set and more 
recently generated data using the RESET protocols (e.g. Lane et al., 2011; Albert et al., 
2013). We are thus confident that these data are able to underpin the attempted correlation of 
the ROM-D30 tephra.
4. Results
4.1. Age Modelling and outlier assessment
The results of the Sequence age model are presented in Figure 4a-e showing the model 
broken down into sections and presented numerically in Table 1 and 2, with the results of 
outlier detection reported in Table 3 and the adapted model to calculate span functions in 
Table 4. While most ages conformed well to the model prior with HPDF posterior 
distributions matching well, in some cases some prior ages for tooth samples are significantly 
different to the posterior distributions. This is confirmed by outlier reports (supplementary 
information) that show ROM4 and ROM5-2b to be 100% outside of the range that would be 
consistent with the model and thus have not provided any input into the model (e.g. Bronk 
Ramsey 2009b). These two tooth samples are likely to have been moved in the sequence due 
to human activity, both having prior ages much more consistent with older layers (sub unit E5 
for ROM D4 and sub unit D14 for ROM5-2b). In addition, tooth sample ROM7 was also 
highlighted as an outlier with 72% of the age distribution falling outside the range consistent 
with the model and the other dates. In this case due to the bimodal distribution of the 
calibrated date due to shape of the calibration curve at this point, this age could be consistent 
with layers from E8 through to E10. Finally tooth sample ROM2, taken from the same layer 
as ROM1 and ROM1a (layer B) has an 82% chance of outlying the distribution of the model, 
and in this case is younger than the range for other dates in this layer and could have been 
worked down from the upper disturbed layer A. Thus, of the 11 tooth samples from this study 
4 appear out of position in the sequence. This is not surprising given the potential for 
sediment reworking in cultural deposits in Mediterranean caves (Woodward and Goldberg 
2001), however the potential for good collagen preservation in these samples, plus the fact 
they provide potential for useful future tooth enamel isotope studies, demonstrates their 
overall usefulness.
Beyond the tooth ages, outlier analyses were performed on all of the dates used in the age 
model as part of the Sequence model. These ages showed a high degree of conformity to the 
model prior, again not surprising given the simple uniform prior and the assumption of 
sequential deposition. Only LTL239A showed a high likelihood of being an outlier (63%) 
reflecting the fact that the samples are taken from defined archaeological units within the 
sedimentary sequence and that for a simple prior that the rules of stratigraphy and succession 
should apply.  The age model now forms the basis for further chronological, archaeological 
and environmental analyses for the site within its wider regional context. 
The results of the second model, where as well as stratigraphic ordering the dates were also 
separated by cultural attribution are shown in Table 4. The details of this are discussed in 
section 5. 
4.2. Tephrochronolgy
EPMA analyses of the ROM-D30 visible tephra (Table 5) indicate a compositionally 
heterogeneous layer (SiO2 = 58.0-65.2 wt%; CaO = 1.5-4.7; Na2O+K2O = 11.2-13.5 wt%; n= 
136) with glasses ranging from phono-trachytic to trachytic in composition (Fig. 5). Within 
this heterogeneity, two main compositional populations can be observed; (1) a dominant high-
K phono-trachytic component (~ 60.3 wt% SiO2; ~ 9.3 wt% K2O) where K2O >> Na2O (Na2O 
= 3.5 wt%), and (2) a more evolved population with a high-K trachytic composition (~ 62.4 
wt% SiO2), slightly lower K2O (~8.7 wt%) and higher Na2O (~4.5 wt%) (Fig. 5).
5. Discussion 
5.1. Correlation and stratigraphic importance of the ROM-D30 tephra
The results indicate that ROM-D30 must derive from older Pre-NYT activities associated with 
the Tufi Biancastri eruptive succession, which encompasses a series of eruptions between the 
Campanian Ignimbrite (CI) and the NYT (Orsi et al., 1996). The dominant high-K phono-
trachytic glass population of ROM-D30 does not appear to correlate to any of the currently 
characterised proximal Campi Flegrei (CF) tephra units during this period, however, the glass 
compositions of many eruptive units within the Tufi Biancastri are yet to be thoroughly 
characterised. The other glass population of the ROM-D30 layer is consistent with the K-
trachytic glasses that were repeatedly erupted at CF caldera during this post-CI and Pre-NYT 
period (e.g. eruptive units PRa, VRa, VRb; Fig. 6; data from Tomlinson et al., 2012; 2014; 
2015). Thus, the glass compositional data presented here indicate that the D30 tephra layer 
clearly derives from explosive volcanism within the CF caldera, but based on the available 
proximal geochemical datasets it is not possible at this time to establish a precise proximal-
distal tephra correlation within the Post-CI/Pre-NYT succession.
There are numerous tephra layers from CF caldera dispersed into distal areas during the period 
immediately prior to the NYT that are recognised in sedimentary archives. Figure 6b compares 
the compositional data of ROM-D30 layer to CF derived tephra recorded in downwind archives 
such as Lago Grande di Monticchio (LGdM), and two Adriatic marine cores (MD90917 [Siani 
et al., 2004] and SA03-11 [Matthews et al., 2015]). At LGdM four K-trachytic layers (TM-10a, 
TM-10b, TM-10c and TM-10d) are recorded between 15,550 ± 780 and 15,030 ± 750 cal BP 
(Wulf et al., 2008). Based on glass data presented here we can tentatively suggest that 
LGdMTM-10a (15,030 ± 750 cal BP) may offer the most reliable distal-distal correlative of 
the D30 layer. The modelled age of the ROM-D30 tephra from Table 2 is 15,792-15,318 cal 
BP (IntCal 13) and this comfortably overlaps with the TM-10a age. However, the complexity 
of precisely correlating distal tephra layers in this time interval is illustrated by existing 
correlations associated with these TM-10 (a-d) layers. Wulf et al., (2008) correlate all four of 
these LGdM layers to the Lagno Amendolare (LAM) tephra unit, however, average glass 
compositions of the LAM are inconsistent with our ROM-D30 tephra, as best illustrated by 
their more elevated K2O (Fig. 6a). Conversely, the average composition of the distal marine 
tephra layer MD90917 434 cm from the southern Adriatic, again correlated to the more 
proximal LAM tephra by Siani et al. (2004), appears to be broadly similar in composition to 
the dominant glass population of the D30 tephra (Fig. 6b). The absence of an unequivocal 
correlative for the ROM-D30 tephra in either in the proximal or distal setting means that, for 
now, this layer cannot provide an independent chronological tie point for the Grotta del Romito 
stratigraphy. However, the detailed radiocarbon chronology of the site, coupled with the 
geochemical characterisation of this tephra layer, means that in the future it has the potential 
to provide a well dated tephra isochrone that sits in the important transition between the GS-2 
and the onset of GI-1. The relevance of this is discussed in further detail below, with regard to 
the palaeoenvironmental record within the Grotta del Romito deposits.
5.2. Constraining the time of Lateglacial environmental changes at Grotta del Romito
The updated chronology for Grotta del Romito, based on a Bayesian model and the new 
IntCal13 calibration curve (Reimer et al., 2013), is one of the most detailed models produced 
for a late Upper Palaeolithic site in southern Europe. The new chronology offers the 
opportunity to place the existing archaeological data within the regional and local 
environmental context for the last glacial.  
Palaeoenvironmental information associated to the Upper Palaeolithic occupation of the cave 
has been recently derived from the analysis of micro-mammal assemblages (Lopez-Garcia et 
al., 2014). We have now transferred the results of this study to the new chronology and 
compared this to the Greenland Ice core record from the INTIMATE stratigraphy (Fig. 7). 
Micro-mammal response to Lateglacial climate conditions is expressed by the significant 
shift towards woodland adapted taxa after the H1 stadial, from ~15,800 cal BP, with an 
intensification of this signal after 15,000 cal BP on the new IntCal-13 based chronology. At 
Grotta del Romito this transition occurs clearly between layers D11 (14,317-14,103 cal BP) 
and D29 (15,756-15,288 cal BP) (Fig. 7). The rapid shift to a peak in woodland dominated 
taxa is coincident with abrupt transition into GI-1e as recorded in Greenland.
The micro-mammal-derived environmental information is in very good agreement with 
pollen record from the Lago Grande di Monticchio (LGdM), a highly resolved and well-
established record of climate and vegetation changes for the Lateglacial in the southern 
Italian peninsula (Brauer et al., 2007; Fig. 7). This record derives pollen-based Mesic 
Woodland taxa and has a chronology based on varve counting and tephrochronology. The 
varve chronology in this period is consistent with calibrated radiocarbon time and this can be 
demonstrated through comparison of LGdM varve ages for key well-dated Lateglacial tephra, 
such as the NYT and the Pomici Principale (PP), that now have composite radiocarbon age 
models derived through the RESET project (Bronk Ramsey et al., 2015). The varve ages for 
these tephra in the LGdM chronology are 14,120 ± 710 and 12,180 ± 610 cal BP respectively 
and compare well with Bayesian radiocarbon age model estimates of 14,588 – 13,884 cal BP 
for the NYT and 12,091 - 11,850 cal BP for the PP. The LGdM data are also reported in 
Figure 7 and a percentage Mesic Woodland pollen is reported in the LGdM chronology from 
the Brauer et al., (2007) record. A direct comparison of environmental information derived 
from micro-mammals from Grotta del Romito and pollen data from LGdM shows a clear 
covariance. At Grotta del Romito, the timing of the transition from dry to wooded taxa 
species is synchronous to the shift from steppe environments towards wooded environments 
after ~15,000 cal BP in LGdM. These correspondences confirm that Lateglacial 
environmental conditions at Grotta del Romito were sensitive to regional and hemispheric 
centennial-millenial-scale changes in climate. 
Evidence of regional atmospheric changes during the Lateglacial at Grotta del Romito is also 
offered by the oxygen isotope composition of land snail shells recovered from late 
Epigravettian units (Colonese et al., 2007), placed on the revised chronology and compared to 
Greenland Ice Core data (Fig. 8). These cover a period from ~14,300 to ~13,000 cal BP on 
the revised chronology and span most of the Lateglacial interstadial, which is broadly 
correlated to the warm but unstable GI-1 interstadial from the Greenland records. Figure 8 is 
a comparison of the snail shell δ18O (‰ V-PDB) values with the δ18O (‰ V-SMOW) 
palaeoclimate reconstructions from the NGRIP ice core on the GICC05 timescale, with the 
sub stages of GI-1 from the INTIMATE event stratigraphy (Rasmussen et al., 2014). While it 
is clear that the sampling resolution of the Grotta del Romito data does not capture all of the 
subtleties expressed in the Greenland record, there is broad similarity between the 
expressions of the interstadial in both archives. In particular, there is a clear correspondence 
in both records of the abrupt isotopic shifts from the warm GI-1e early interstadial through 
the GI-1d reversal and back into warmer conditions in GI-1c. This relationship between 
Grotta del Romito and Greenland had been suggested before (Colonese et al., 2007), however 
this was constrained due to the comparison to only one ice core (GISP2) and chronological 
discrepancies between different ice core records for the timing of the GI events between the 
GISP2 and GRIP ice cores (Rasmussen et al., 2006). This has been resolved with the 
development of GICC05 and the integration of the different ice core timescales using 
volcanic markers. The integrated GICC05 age of the GI-d event is 14,025 ± 169 years BP 
(converted from b2k by subtracting 50 years) and this closely matches the mid-point of the 
Grotta del Romito isotope excursion dated in the revised chronology to 14,217-14,016 cal 
BP. The shift in isotope values in the Grotta del Romito record is significant and it is not yet 
clear if this can all be equated to a change in temperature recorded in meteoric water 
(Colonese et al., 2007), however, the revision to both the Grotta del Romito chronology and 
the development of GICC05 now make the chronological equivalence to GI-1d clear. Further 
work on the isotopic composition of a range of faunal material is now underway, based on 
this new chronostratgraphic framework. 
5.3. Human response to Lateglacial climate and environmental conditions at Grotta del 
Romito
The revised chronology allows us to constrain the timing of human occupation at Grotta del 
Romito during the last Lateglacial and to explore its broad socio-economic and cultural 
implications. Using the model set to calculate the transitions between different cultural 
phases and estimate their spans we can examine the different cultural units within the cave.  
Table 4 shows the output of this version of the model. The data is not particularly useful for 
the Evolved Gravettian as there is only one available date, however from the transition 
between the Evolved and Late Gravettian onward it is possible to calculate the timing of the 
boundaries between the cultural phases and the spans of these. The significance of some of 
these transitions is discussed below.
The sampling strategy at the site was to date archaeological sub-layers where possible. The 
numbers of individual radiocarbon analyses taken for each of the main units is a reflection of 
the archaeological activity through time at the site, as sub-layers in the site stratigraphy are 
denoted on archaeological grounds with the appearance of activity surfaces. In some cases, 
sub-layers have several dates on a layer and this also, in part, reflects activity and the 
presence of datable hearth units within a sub-layer. Thus, while not a perfect measure a 
greater number of dated samples in a particular layer represents evidence of increased human 
activity at the site.
Using the main age model from Table 2 the first secure evidence of human occupation 
(Figure 9a, b) can now be constrained at least between 28,003-26,958 and 25,488-23,713 cal 
BP (layers I to H4, layer M with archaeological remains is not dated), and are represented by 
few archaeological remains (lithic and faunal) corresponding to the end of the Evolved 
Gravettian (Martini and Lo Vetro, 2005a; Martini et al., 2015). The occupation seems to have 
been sporadic at that time, in part due to major episode of strong water runoff within the cave 
(Ghinassi et al., 2009), when climate was wetter and colder in the southern Italian Peninsula 
(e.g. Giraudi 1989; Ramrath et al., 1999). Large mammal remains exploited as food source 
are also very scarce (Bertini Vacca, 2012), and are dominated by ibex (Capra ibex; 73%). 
Today this species inhabits high altitude, steep slope environments, thus it is likely to be 
indicative of hunting activities predominantly in open environments.
An increase in human occupation occurs between 23,609- 23,058 and 21,365-20,638 cal BP 
(layers G2 to F1), during the LGM (Martini and Lo Vetro, 2005a,b). This time interval is 
represented by the thickest anthropogenically modified deposit at the bottom of the 
succession (Ghinassi et al., 2009), and include lithic and faunal remains, as well as structured 
fireplaces attributable to the Late Gravettian and the Early Epigravettian (Martini and Lo 
Vetro, 2005a,b; Martini et al., 2012). The Late Gravettian spans 265-1776 cal years and the 
Early Epigravettian spans 1221-1925 cal years. Ibex continued to be the main target species 
(65%), although a considerable increase of chamois (Rupicapra sp.) from 23,540-22,910 to 
19,848-18,943 cal BP (Bertini Vacca, 2012) points to some changes in local/regional 
environmental conditions. Chamois is a cold-adapted mountain-dwelling species (Corlatti et 
al., 2011) and along with ibex possibly indicate decreasing temperatures and expansion of 
open environments during this time interval. This ecological scenario is in broad agreement 
with the expansion of Mesic woody Taxa for the key regional record from Lago Monticchio 
(Figure 9a), taken from Brauer et al., (2007)
Increased human occupation at Grotta del Romito between 23609-23058 and 21,365-20,638 
cal BP may have been favoured by reduced water runoff during dry conditions of the LGM 
(RM2c in Ghinassi et al., 2009). However, it also corresponds to an interval of unprecedented 
demographic changes in southern Europe. The LGM is considered the most dramatic climate 
event experienced by anatomically modern humans (Brewster et al., 2014). The establishment 
of full glacial conditions, with decreasing surface temperatures by 8-15 °C compared to 
present day (Heyman et al., 2013), favoured the expansion of ice sheets to middle and north 
regions of the continent, forcing a large part of human population to move south, toward 
Mediterranean and Atlantic boards of Europe (Gamble et al., 2004). Such unique 
demographic reorganization is expressed by the increasing number of Upper Palaeolithic sites 
in southern France (Bocquet-Appel et al., 2005; French and Collins 2015; Tallaavara et al., 
2015), in Iberian and possibly also in Italian Peninsula (Straus 1991; 2005). More recently, 
palaeogenetic studies have shown significant population changes among European hunter-
gatherers as the result of their large-scale contraction and expansion from southern refugia 
(Iberian and Italian Peninsulas) before and after the LGM (Gamble et al., 2004; Torroni et al., 
2011; Fu et al., 2016; Posth et al., 2016). This phase at Grotta del Romito also corresponds 
with the cultural transition from the Late Gravettian (Layer G) to the Early Epigravettian 
(Layer F). This transition is substantially represented by innovations in the lithic assemblages 
with components originated from northwest areas of the Pensinsula (Martini and Lo Vetro, 
2005b). The intensified occupation of Grotta del Romito between 23,609-23,058 and 21,365-
20,638cal BP (sub-layers G2 to F1), thus, might be indicative of changing settlement pattern 
and more frequent use of the cave during an interval of crucial demographic and cultural 
changes in southern Europe and Italian Peninsula. 
The cave continues to be occupied during the onset of the deglaciation (Fig 9), with several 
isolated events chronologically constrained between 19,848-18,943 and 16,749-15,943 cal 
BP (layer E), and represented by distinct levels (sub-layers E16-E1) containing lithic and 
faunal remains, fireplaces and pits culturally associated to the Evolved Epigravettian and the 
first part of the Final Epigravettian. The fauna is again dominated by ibex (80%), while 
chamois decrease to the lowest values of the succession (7%). This time interval corresponds 
with the H1 stadial and the regional palaeoclimatic records pointing to open environments 
with sparse or restricted tree cover (Huntley et al., 1999), which is locally confirmed by the 
micro-mammal assemblages (Lopez-Garcia et al., 2014). The large mammal assemblages 
also support this scenario, although a decrease in chamois could indicate that conditions were 
not as cold and dry as the phase before. The sedimentary record from these levels shows 
evidence for increased water runoff (Ghinassi et al., 2009), which may reflect wetter 
conditions compared to the LGM, or at least an increase in flooding frequency.
The Lateglacial marks a key turning point in human use of Grotta del Romito. Human 
occupation intensifies progressively from ~16,025 cal BP (layers D35), and reach 
unprecedented levels between 15,756 and 12,970 cal BP (layers D29 and C; Fig 9a), as 
attested by the abundance of faunal and artefacts remains, fireplaces and pits along with 
several intact human burials (Colonese and Martini 2007; Martini et al., 2007, 2012; Craig et 
al., 2010; Bertini Vacca et al., 2012). The significant intensification of the occupation of 
Grotta del Romito is clear in Figure 9a, where the numbers of dates within the archaeological 
units is shown against local palaeoenvironmental indicators. These suggest a sustained and 
rapid increase in occupation of the cave closely linked to ameliorating local conditions. 
Figure 9a shows the detail of this intensification of occupation of the cave in the Lateglacial 
with a significant increase in the number of archaeological dates between ~15,000 and 13,000 
cal BP. This period of intensification corresponds to the Late Epigravettian, which is the 
cultural unit associated with the whole Lateglacial period and has a span of 3543-4348 
calendar years (95.4% CI). The Evolved/Late Epigravettian boundary at 16375-15549 cal BP 
is chronologically coincident with the first increase in woody taxa (Fig’s 9a-b) and the 
significant rise in the archaeological levels in the cave, taken here as a proxy for the intensity 
of human presence, is synchronous with the dramatic increase in woody taxa from ~14,300-
13,000 cal BP.
The climatic context of this is also clearly shown in Figure 9b which compares the Grotta del 
Romito archaeological data to regional palaeoclimate data from from the Greenland NGRIP 
ice core using the GICC05 chronology (Rasmussen et al., 2014). These data clearly suggest 
that the major demographic transition at Grotta del Romito is linked to abrupt regional scale 
climate change. It is possible that the ameliorating environmental conditions during the 
deglaciation favoured a more intensive occupation, perhaps as response to increased 
population density and territoriality. 
During this expansion in occupation of Grotta del Romito faunal remains reveal a much more 
diversified set of resources, with ibex showing relative proportions similar to wild boar, 
followed by red deer, chamois and roe deer. This biodiversity likely reflects the existence of 
distinct ecological niches and increasing vegetation cover. This is locally supported by the 
increasing diversity of terrestrial gastropods and micro-mammals (Colonese and Martini 
2007; Lopez-Garcia et al., 2014), and regionally corroborated by the progressive increase in 
arboreal pollens, humidity and winter temperatures at the LGdM (Huntley et al., 1999), Fig 
9b. It is worth noting that ROM-D30 tephra dated to 15,817-14,933 cal BP lies immediately 
below this new cultural and environmental interval at Grotta del Romito (layer D30). Thus, 
its stratigraphic position, as well as its reported age, makes it a potential new marker for the 
onset of the Lateglacial interstadial in the central Mediterranean basin. 
5.3. Wider Significance
While this is a site specific study, the results of revaluating the chronology of the Grotta del 
Romito record suggest that human occupation and biodiversity recorded at the site are closely 
coupled to wider scale climatic and environmental changes. These are also coincident with 
broader demographic changes across Europe. While there are a number of other central 
Mediterranean sites that may also show these changes, very few have the level of 
chronological detail required to be able to evaluate the demographic and archaeological 
changes at the resolution required to test the link between human adaptation and abrupt 
climate forcing. It is clear from Grotta del Romito, however, that with sufficient 
chronological control and the detailed linking of archaeological, in situ biological data and 
wider climate records that it is possible to evaluate the influence of changing climates on 
human populations during the Last Glacial in southern Europe.
Relatively few studies have considered the detail of the impact of Abrupt Lateglacial climate 
change on human populations in Southern Europe up to this point at this level of detail. 
However large database studies of the recolonization of Northern Europe from the refugia 
zones have been undertaken in a number of regions (Housley et al., 1997; Gamble et al., 
2004; 2005; Blockley et al., 2006; Jacobi and Higham 2009). On the basis of a compilation of 
a large database of radiocarbon dates Gamble et al., (2005) have proposed initial population 
expansion in Iberia and southern France as early as 19,000 cal BP, and certainly prior to 
warming recorded in Greenland. They suggest, however, that the main demographic 
expansion in both these regions is between 16,000-13,000 cal BP before further contraction 
in the Younger Dryas, after 12,900 cal BP (regarding the Iberian peninsula see also Aura et 
al., 2011, about the impact of Younger Dryas on human frequentation in eastern Spain). 
Unlike the pattern of occupation suggested for Southern France and Iberia, however, the 
Grotta del Romito record does not show any significant population expansion in the pioneer 
expansion phase (19,000-16,000) postulated by Gamble et al. (2005). Given that Grotta del 
Romito is an upland site, this suggests that any demographic expansion in this part of Italy 
has not reached a level where significant exploitation of upland resources is viable. At the 
same time the rapid increase in human presence and exploitation of Grotta del Romito 
between 16,000-13,000 cal BP, coupled with a shift in the local ecology is strikingly in phase 
with the main population expansions across Iberia and France (Gamble et al., 2004; 2005). 
Such demographic expansion could also be evidenced in Italy by the growth in number of 
sites during the Final Epigravettian (Palma di Cesnola 1993). 
6. Conclusion
This study has comprehensively revised the chronology of Grotta del Romito, a crucial Upper 
Palaeolithic site in southern Europe and in the Mediterranean region. The combination of 
Bayesian age modelling, calibration with the IntCal-13 curve (Reimer et al., 2013), and the 
application of tephrochronology have allowed us to build on the existing work at this site. 
The revised Grotta del Romito chronology is now exceptionally robust. This has allowed 
several key findings. Firstly, we have shown that some of the direct dates on human teeth are 
stratigraphically consistent with the main radiocarbon record from Grotta del Romito. 
Secondly, we show that there is significant variation in the levels of human occupation at the 
site. Thirdly, we have compared the record of archaeological activity with environmental data 
from within the Grotta del Romito record, using the revised chronology with a range of 
regional climate indicators. This exercise shows, fourthly, that there is a close 
correspondence between human occupation of the cave and environmental changes, with a 
marked increase in occupation during the warming in the Lateglacial period. This is also in 
accord with wider scale evidence from Southern France and Iberia, but here we are able to 
show that is closely correlated with local and regional environments. Finally, we report a new 
tephra (ROM-D30) that is stratigraphically at the start of the shift in both local environment 
recorded in the cave and the significant increase in human presence. We have reported on the 
age and chemistry of this tephra layer and show that it cannot be linked to known widespread 
tephra and thus it may become a new and important regional marker in future studies.
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Figure and Table Captions
Figure 1 Location map of Grotta del Romito (1) and the cave entrance (2-3). The Rock 
shelter, general view from est. Plan of the site showing the distribution of the archaeological 
trenches and burials (4). Cross-section of the site and of the excavated area along the axis a-a’ 
indicated in the plan (5) (nos. 2-4 modified after Martini and Lo Vetro, 2011). 
Figure 2 The general stratigraphic sequence (layers A-N), picture of the section east of the 
trench excavated inside the cave; 1. Some of the Final Epigravettian evidence: the burial 
Romito 8 (2), engraved bone points (3), ornamental marine molluscs shells (4), rock art (Bos 
primigenius) in the rock-shelter located right to the cave entrance (5) (modified after Martini 
and Lo Vetro, 2011). 
Figure 3 Epigravettian stratigraphic sequence (layers A-F) drawn from the section north of 
the trench excavated inside the cave; the Triangles and the circle indicate the position of the 
burials. Triangles with question mark (?) shows the probable stratigraphic position of Romito 
3 and Romito 4 burials found by Graziosi in 1964 (Romito stratigraphy modified after 
Martini and Lo Vetro, 2011).
Figure 4 Bayesian age model output for Romito showing the entire record (4a) also showing  
HPDF’s for sub units with no measured radiocarbon age, calculated from their position 
within the sequence in relation to the dated sub-layers and the model prior. The three dates 
identified as fully outlying by the outlier model are coloured in red. A detailed breakdown of 
this model is shown in supplementary information.
Figure 5 Total Alkali versus Silica plot (> 56 Wt % SiO2; TAS; Le Bas 1986) (5a) and CaO 
vs MgO (5b), for the ROM-D30 tephra and composite data from the Campi Flegrei; Somma 
Vesuvius and Ischia volcanic provinces (reference data from Tomlinson et al., 2012; 2014; 
2015).
Figure 6 SiO2 vs K2O plots for the ROM-D30 tephra against (6a) the Tufi Biancastri 
eruptive succession between the Campanian Ignimbrite (CI) and the NYT (Orsi et al., 1996). 
In particular the K-trachytic glasses which were repeatedly erupted at CF caldera during this 
post-CI and Pre-NYT period (e.g., eruptive units PRa, VRa, VRb; Tomlinson et al., 2012). 
The ROM-D30 data is also compared to tephra recorded in downwind archives (6b) of Lago 
Grande di Monticchio (LGdM; Wulf et al., 2008), and two Adriatic marine cores (MD90917; 
Siani et al., 2004, and SA03-11; Matthews et al., 2015).
Figure 7 Micro-mammal percentages grouped by habitat preferences (Dry and their inferred 
landscape preferences (Dry, Woodland (Wo) and Water (Wa); Lopez-Garcia et al., 2014) on 
the revised Bayesian timescale compared to the LGdM pollen record of Brauer et al., (2007) 
and the NGRIP ice core record on the GICC05 chronology (Rasmussen et al., 2006; 2014). 
Also shown is the age and stratigraphic position of the ROM-D30 tephra in relation to the 
landscape data.
Figure 8 Romito δ18O values from terrestrial molluscan shells (Colonese et al., 2007) on the 
revised Bayesian timescale (dashed lines) compared to the NGRIP ice core record on the 
GICC05 chronology (Rasmussen et al., 2006; 2014). The Greenland GI-1 interstadial event 
stratigraphy is also indicated, cold episodes are shaded in grey.
Figure 9 a) Romito dates reported as the number of dates within archaeological layers H 
(oldest) to B (youngest) in this study, as a proxy for archaeologically observed human 
occupation, reported against Mesic Woody taxa from LGdM from Brauer et al., (2007); b) 
Romito dates reported as the number of dates within archaeological layers H (oldest) to B 
(youngest) reported against and NGRIP ice core δ18O on the GICC05 timescale (Rasmusen et 
al., 2006; 2014).
Table 1 Romito radiocarbon ages and Bayesian age model maximum and minimum 95% 
HPDF ranges derived from the model shown in Table 2. Date codes in Bold are new ages 
from this study all other ages have been previously published (Martini et al., 2007; Craig et 
al., 2010; Martini and Lo Vetro, 2011; Lopez Garcia et al. 2014). For ages generated for this 
study we report δ13C values and C/N ratio’s along with the archaeological horizons that each 
date is derived from. For previously published data we also report the archaeological horizon 
and where available the δ13C values.
Table 2 Oxcal model output for the Romito stratigraphic sequence showing the ordering of 
the dates, nested phases where needed and the modelled ages of undated layers based on their 
relative positions in the sequence compared to dated units.
Table 3 reported outlier values for the Romito radiocarbon ages using the General outlier 
model (Bronk Ramsey 2009b) and a 5% probability of any date being outlying. LTL606, 
LTL239, LTL1590, LTL14264, ROM 5-2 and ROM 4 are all significant outliers, however, 
the majority of the dates conformed well to stratigraphic ordering.
Table 4 a) The outputs from the revised model set up as multiple stratigraphically ordered 
sequences arranged by cultural attribution to allow spans and transition times between 
different cultures to be calculated. Groups were organised as follows: Evolved Gravettian 
[units M-L-I]; Late Gravettian  [units H-G]; Early Epigravettian [unit F]; Evolved 
Epigravettian [unit E]; Late Epigravettian [units D,C,B]. The sediment types for each of the 
layers is also shown; and (b) the sediment composition of the main cultural units.
Table 5 ROM-D30 WDS EPMA major element geochemical data and comparative 
geochemical data from Lateglacial Italian tephra, TM layers from Wulf et al. (2004, 2008) 
Proximal NYT data from Tomlinson et al., 2012).
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Supplementary figures 1 to 5 show the detailed breakdown of the model output for the primary 
model used (the model used to produce Table 2). Outlying dates are highlighted in red.
Fig S1
Fig S2
Fig S3
Fig S4
Fig S5
Name Unmodelled (BP) Modelled (BP)
from to % from to %
Boundary End 1 12013 -5142 95.6
R_Date ROM2layerB 11998 11407 95.3 12073 10948 95.4
R_Date ROM1alayerB 13039 12763 95.4 12988 12668 95.4
R_Date ROM1layerB 12997 12735 95.4 12969 12718 95.3
Phase B
Boundary C/B 13039 12829 95.4
R_Date Beta-160295 layer C 13088 12731 95.4 13041 12857 95.4
Layer C1 13050 12880 95.4
R_Date Beta-160296layerC2 13090 12783 95.4 13062 12912 95.4
R_Date Beta-160297layerC3 13367 13083 95.4 13229 12983 95.4
R_Date ROM3-2layerC3 13050 12800 95.4 13089 12942 95.4
R_Date ROM3-1layerC3 13068 12801 95.4 13182 12933 95.4
Phase C3
R_Date ROM 4layer C4 17631 17185 95.4 13423 13013 95.4
R_Date Beta-160298layerC4 13273 12996 95.4 13280 13045 95.4
Phase C4
Boundary D/C 13431 13018 95.3
R_Date Beta-160299layerD 13554 13283 95.4 13489 13278 95.4
R_Date Beta-160300layerD1 13704 13313 95.4 13670 13361 95.4
R_Date ROM 5-2b layerD1 14861 14175 95.4 13831 13328 95.5
R_Date ROM5-1layerD1 13728 13469 95.4 13712 13466 95.4
Phase D1
Layer D2 13897 13531 95.4
Layer D3 13966 13584 95.4
Layer D4 14038 13668 95.4
R_Date Beta-
160302layerD5a 14150 13730 95.4 14064 13794 95.4
R_Date Beta-
160303layerD5b 14188 13842 95.4 14119 13880 95.4
R_Date LTL234AlayerD8 14226 13826 95.4 14165 13939 95.4
Layer D9 14262 13982 95.4
Layer D10 14348 14029 95.4
R_Date LTL238AlayerD11 14775 14059 95.4 14406 14080 95.4
Layer D12 14456 14109 95.4
R_Date LTL607AlayerD13 14646 13960 95.4 14561 14144 95.5
R_Date LTL603AlayerD14 14952 14087 95.4 14630 14215 95.4
R_Date LTL608AlayerD15 14687 14087 95.4 14696 14275 95.5
R_Date LTL601AlayerD16 14958 14072 95.4 14797 14335 95.4
R_Date LTL602AlayerD20 15016 14170 95.4 14943 14450 95.4
R_Date ROM6-1layerD23 15232 14778 95.4 15113 14740 95.4
R_Date ROM6-2layerD23 15126 14473 95.4 15070 14684 95.4
Phase D23
R_Date LTL1050AlayerD29 15083 14263 95.4 15218 14830 95.4
Tephra ROMD30 15817 14933 95.5
R_Date LTL14264AayerD33 16280 15701 95.4 16008 15138 95.5
R_Date LTL1052AlayerD35 15989 15109 95.4 16173 15210 95.5
Boundary E/D 16317 15233 95.5
R_Date LTL1046AlayerE2 16900 16128 95.4 16749 15943 95.4
R_Date ROM 7 layer E5 18680 18320 95.4 17823 16803 95.4
R_Date LTL1047AE5 16894 16120 95.4 17029 16194 95.3
Phase E5
R_Date LTL1590AlayerE8 17808 17218 95.4 17917 17213 95.4
R_Date LTL1591AlayerE10 18843 18169 95.4 19103 18033 95.4
R_Date LTL1592AlayerE16 19756 19167 95.4 19848 18943 95.3
Boundary F/E 21040 19163 95.4
R_Date LTL1593AlayerF1 21275 20685 95.4 21365 20638 95.4
R_Date LTL239AlayerF2 23230 22495 95.4 22978 21918 95.4
R_Date LTL606AlayerF31 22562 22052 95.4 22997 22212 95.4
Boundary G/F 23498 22403 95.4
R_Date LTL236AlayerG1 23791 22858 95.4 23540 22910 95.4
R_Date LTL237AlayerG2 23607 23025 95.4 23609 23058 95.3
Boundary H/G 24295 23116 95.5
R_Date LTL604AlayerH4 25065 23735 95.4 25488 23713 95.4
R_Date LTL1048AlayerI 27926 27357 95.4 28003 26958 95.3
Sequence 1
Boundary Start 1 46083 27473 96.7
Sequence
U(0,4) 3.99E-17 4 95.4 2.28 2.52 95.4
T(5) -2.65 2.65 95.4
Outlier_Model General -4567 853 95.6
Element Prior Posterior Model Type
LTL1048AlayerI 5 4 General t
LTL604AlayerH4 5 4 General t
LTL237AlayerG2 5 2 General t
LTL236AlayerG1 5 2 General t
LTL606AlayerF31 5 37 General t
LTL239AlayerF2 5 50 General t
LTL1593AlayerF1 5 4 General t
LTL1592AlayerE16 5 3 General t
LTL1591AlayerE10 5 13 General t
LTL1590AlayerE8 5 100 General t
LTL1047AE5 5 3 General t
ROM 7 layer E5 5 7 General t
LTL1046AlayerE2 5 3 General t
LTL1052AlayerD35 5 3 General t
LTL14264AayerD33 5 62 General t
LTL1050AlayerD29 5 8 General t
ROM6-2layerD23 5 2 General t
ROM6-1layerD23 5 4 General t
LTL602AlayerD20 5 2 General t
LTL601AlayerD16 5 2 General t
LTL608AlayerD15 5 2 General t
LTL603AlayerD14 5 2 General t
LTL607AlayerD13 5 3 General t
LTL238AlayerD11 5 2 General t
LTL234AlayerD8 5 1 General t
Beta-160303layerD5b 5 1 General t
Beta-160302layerD5a 5 1 General t
ROM5-1layerD1 5 1 General t
ROM 5-2b layerD1 5 100 General t
Beta-160300layerD1 5 1 General t
Beta-160299layerD 5 1 General t
ROM 4 Layer C4 5 100 General t
Beta-160298layerC4 5 2 General t
ROM3-1layerC3 5 3 General t
ROM3-2layerC3 5 4 General t
Beta-160297layerC3 5 5 General t
Beta-160296layerC2 5 1 General t
Beta-160295 layer C 5 1 General t
ROM1layerB 5 2 General t
ROM1alayerB 5 9 General t
ROM2layerB 5 3 General t
Name
Modelled 
(BP) 95%   
 from to % Layer
Boundary End Late Epigravettian 12013 11297 95.4  
Span Late Epigravettian 3543 4348 95.4  
R_Date Â R_Date ROM 2 12034 11622 95.4 B
R_Date Â R_Date ROM 1 12916 12725 95.4 B
R_Date Â R_Date ROM 1a 12930 12731 95.4 B
Phase B     
R_Date Â R_Date Beta-160295 12985 12805 95.4 C
R_Date Â R_Date Beta-160296 13018 12844 95.4 C2
R_Date Â R_Date ROM 3-1 13079 12901 95.4 C3
R_Date Â R_Date ROM 3-2 13070 12895 95.4 C3
R_Date Â R_Date Beta-160297 13246 13068 95.4 C3
Phase C3     
R_Date Â R_Date Beta-160298 13291 13101 95.4 C4
R_Date Â R_Date Beta-160299 13496 13274 95.4 D
R_Date Â R_Date Beta-160300 13710 13376 95.4 D1
R_Date Â R_Date ROM 5-1 13728 13470 95.4 D1
Phase D1     
R_Date Â R_Date Beta-160302 14041 13735 95.4 D5a
R_Date Â R_Date Beta-160303 14121 13865 95.4 D5b
R_Date Â R_Date LTL234A 14191 13972 95.4 D8
R_Date Â R_Date LTL238A 14317 14052 95.4 D11
R_Date Â R_Date LTL607A 14415 14098 95.4 D13
R_Date Â R_Date LTL603A 14534 14154 95.4 D14
R_Date Â R_Date LTL608A 14641 14216 95.4 D15
R_Date Â R_Date LTL601A 14770 14292 95.4 D16
R_Date Â R_Date LTL602A 14922 14424 95.4 D20
R_Date Â R_Date ROM 6-1 15106 14744 95.4 D23
R_Date Â R_Date ROM 6-2 15073 14662 95.4 D23
Phase D23     
R_Date Â R_Date LTL1050A 15180 14848 95.4 D29
R_Date Â R_Date LTL14264A 15984 15363 95.4 D33
R_Date Â R_Date LTL1052A 16090 15456 95.4 D35
Sequence Late Epigravettian     
Boundary Transition Evolved/Late 
Epigravettian 16375 15549 95.4  
Span Evolved Epigravettian 2631 3456 95.4  
R_Date R_Date LTL1046A 16700 16101 95.4 E2
R_Date R_Date ROM 7 18047 17882 95.4 E5
R_Date R_Date LTL1047A 16935 16290 95.4 E5
Phase E5     
R_Date R_Date LTL1590A 18085 17895 95.4 E8
R_Date R_Date LTL1591A 18841 18176 95.4 E10
R_Date R_Date LTL1592A 19733 19152 95.4 E16
Sequence Evolved Epigravettian     
Boundary Transition Early/Evolved 
Epigravettian 21017 19344 95.4  
Span Early Epigravettian 1221 1925 95.4  
R_Date R_Date LTL1593A 21292 20696 95.4 F1
R_Date R_Date LTL239A 22687 22371 95.4 F2
R_Date R_Date LTL606A 22760 22402 95.4 F3I
Sequence Early Epigravettian     
Boundary Transition Late 
Gravettian/Early Epigravettian 23347 22505 95.4  
Span Late Gravettian  265 1776 95.4  
R_Date R_Date LTL236A 23526 22910 95.4 G1
R_Date R_Date LTL237A 23653 23131 95.4 G2
R_Date R_Date LTL604A 24913 23576 95.4 H4
Sequence Late Gravettian      
Boundary Transition Evolved/Late 
Gravettian 27592 23733 95.4  
Span Evolved Gravettian 0 5 95.4  
R_Date R_Date LTL1048A 27903 27335 95.4 I
Sequence Evolved Gravettian     
Boundary Start Evolved Gravettian 33007 27332 95.4  
ARCHAEOLOGICAL 
UNITS 
SEDIMENTARY FACIES SEDIMENTARY COMPOSITION CULTURAL ATTRIBUTION 
A-D 
 FULLY ANTHROPOGENIC DEPOSIT                   
(thickness 2.5–3m) 
Substrate layers heavily altered by human presence representing episodes 
during which deposition was not controlled by natural processes. Deposit 
consist in mixtures of sand and gravel that form units with uneven, indistinct 
bases and flat tops. It contain a huge number of archaeological materials, 
rounded out of size-exogenous pebbles and abundant charcoals which are 
generally related to more or less well-structured hearths set directly on the 
ground or in an artificial "cuvette". 
LATE EPIGRAVETTIAN 
E 
CHANNELFILL GRAVELLY FACIES 
ASSOCIATED WITH 
ANTHROPOGENIC LEVELS 
(thickness 0.8–0.9m) 
Channelfill gravelly facies which pass laterally into the rockfall deposits facies. 
Palaeochannels in the lower part of the deposit have a low depth/width ratio 
and are filled with a gravelly lag overlain by silty sand, attributed to ephemeral 
flows. The uppermost channel-fill deposits commonly show anthropogenic 
disturbance. The palaeochannel in the upper part of this unit is slightly deeper 
( 0.35 m), filled with gravelly facies. This unit contains several archaeological 
layers (E1-E16) some of which associated with well-structured heraths. 
EVOLVED TO LATE 
EPIGRAVETTIAN 
F 
ANTHROPOGENIC DEPOSIT     
(thickness 0.3m) 
Archaeological levels (F1-F4) with structured hearths standing within a natural 
channel. They indicates the occurrence of channel reclamation during the 
frequentation of the layers F. 
EARLY EPIGRAVETTIAN 
G-H 
FLUVIAL FACIES                  
ASSOCIATED WITH 
ANTHROPOGENIC LEVELS 
(thickness 1m)  
Fluvial facies  associated with anthropogenic levels (G1-G3; H1-H4) with 
evidence of well-structured hearths on the top (layers G1-G3). Palaeochannels 
in this unit are wider and shallower, showing gravelly lags, but filled mainly 
with silty sand, probably by ephemeral runoff. Deposit consist of sandy silt 
which commonly bears scattered granules and/or small angular pebbles. In the 
lower part, predominantly massive character might indicate rapid, non-
tractional deposition from turbulent suspension, but is more likely due to 
anthropogenic disturbance. Scattered cobbles and boulders derived from the 
cave vault are common. 
LATE GRAVETTIAN 
I-L 
TOP OF THE FLUVIAL DEPOSIT 
ASSOCIATED WITH 
ANTHROPOGENIC LEVELS                      
(thickness 0.3m) 
Deposit consisting mainly of lens-shaped bodies of cross-stratified gravel or 
gravelly sand, up to 20–30 cm thick, with erosional, concave-upward bases and 
flat or gently convex-upward tops. The clast size varies from fine pebble to 
medium cobble gravel and ranges from rounded to subangular. Clasts are 
coated with muddy silt and form a clast supported framework filled with sand 
and granules. Archaelogical levels (I-I1) at the top of Iayer I are associated with 
a hearths. 
MIDDLE GRAVETTIAN 
M-N 
FLUVIAL DEPOSIT                      
(thickness 1m) 
Fluvial facies (gravel or gravelly sand) referring to a stream palaeochannels, 
trending NE–SW. Imbricated gravels in the channel lag show a palaeotransport 
direction towards the SW.  Coarse-grained overbank deposits occur laterally to 
the palaeochannel and consist of massive, fine- to medium-pebble gravel that 
forms tabular beds up to 5 cm thick, with sharp basal and top surfaces. A thin 
Archaeological level on the top of layer M represent the lowest archaeological 
unit in the sedimentary succession related to the first human occupation of 
the cave. 
    
Text in this table after Ghinassi et al. 2008, modified   
 
SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total
57.93 0.48 17.90 3.94 0.10 0.89 3.17 3.21 8.86 96.49
57.56 0.53 17.90 3.81 0.09 0.91 3.34 3.22 8.62 95.96
58.94 0.46 17.97 3.58 0.10 0.77 2.98 3.50 8.83 97.12
58.08 0.48 17.92 4.09 0.04 0.96 3.38 2.95 8.92 96.82
59.18 0.47 17.86 3.58 0.12 0.76 2.84 3.61 9.02 97.44
58.24 0.45 18.22 3.89 0.11 0.96 3.17 3.36 9.01 97.40
58.11 0.42 18.06 3.25 0.13 0.77 2.95 3.30 9.02 96.01
55.40 0.51 17.77 5.04 0.08 1.55 4.47 3.24 7.50 95.56
58.97 0.44 18.40 3.61 0.12 0.81 2.97 2.98 9.21 97.51
58.47 0.49 17.72 3.37 0.06 0.77 2.90 3.51 8.97 96.26
59.95 0.37 17.44 3.09 0.09 0.55 2.39 3.09 8.83 95.80
59.01 0.49 18.34 3.82 0.12 0.90 3.16 3.73 8.69 98.25
58.81 0.43 18.11 3.33 0.14 0.76 2.90 3.67 8.85 97.00
57.19 0.46 17.48 3.57 0.13 0.83 3.02 3.34 8.67 94.69
59.23 0.39 18.58 3.45 0.06 0.69 2.87 3.42 9.26 97.94
58.51 0.43 18.11 3.58 0.10 0.80 3.23 3.63 8.63 97.04
57.64 0.56 17.95 4.03 0.16 0.92 3.20 3.21 8.72 96.40
59.56 0.43 18.14 3.20 0.14 0.61 2.65 4.16 8.45 97.35
60.57 0.39 17.84 2.63 0.10 0.45 2.09 4.53 8.55 97.16
59.42 0.48 18.42 3.61 0.12 0.73 2.85 3.84 8.77 98.23
57.74 0.54 17.92 3.61 0.14 0.81 3.02 3.32 9.00 96.10
57.59 0.48 17.75 3.50 0.12 0.79 2.99 3.47 8.87 95.57
58.28 0.47 17.92 3.62 0.12 0.78 2.93 3.18 8.98 96.27
59.15 0.49 18.28 3.82 0.15 0.85 3.01 3.53 9.07 98.35
58.91 0.44 18.15 3.70 0.14 0.76 3.01 3.32 9.13 97.56
59.30 0.49 18.13 3.70 0.00 0.77 3.09 3.56 8.66 97.70
59.69 0.42 18.11 3.06 0.14 0.54 2.52 3.26 9.23 96.97
59.21 0.46 18.34 3.72 0.07 0.85 3.17 3.44 9.24 98.50
57.12 0.37 17.39 3.73 0.15 0.76 2.89 3.14 8.96 94.52
58.62 0.50 17.81 3.83 0.14 0.85 2.99 3.39 9.02 97.15
60.85 0.52 18.70 2.81 0.09 0.54 2.24 3.31 9.01 98.07
56.72 0.42 17.44 3.71 0.14 0.87 2.98 3.49 8.73 94.50
57.95 0.42 17.85 3.67 0.06 0.72 2.87 3.45 8.85 95.85
57.49 0.48 17.64 3.96 0.12 1.04 3.39 3.38 8.69 96.19
57.95 0.51 17.36 3.46 0.08 0.76 2.97 3.38 8.90 95.36
58.31 0.49 18.02 3.97 0.14 0.93 3.37 3.14 8.99 97.36
57.29 0.50 17.88 3.88 0.08 0.92 3.29 2.90 8.85 95.59
58.40 0.52 18.11 3.81 0.13 0.91 3.19 3.35 9.18 97.60
59.07 0.46 18.07 3.57 0.18 0.85 2.97 3.46 8.83 97.47
57.28 0.43 17.57 3.62 0.09 0.83 2.98 3.09 8.84 94.72
57.70 0.41 18.63 3.32 0.16 0.72 2.75 3.43 8.72 95.83
58.12 0.42 17.98 3.53 0.05 0.82 3.02 3.01 9.04 95.99
57.95 0.47 17.95 3.70 0.15 0.85 2.96 3.34 8.80 96.18
61.92 0.38 18.33 2.63 0.09 0.32 2.08 4.56 8.26 98.56
58.28 0.48 18.07 3.60 0.04 0.86 3.12 3.35 9.29 97.08
58.88 0.50 18.18 3.50 0.11 0.78 2.93 3.40 9.01 97.29
58.32 0.44 17.85 3.53 0.12 0.81 2.98 3.14 9.18 96.37
57.65 0.48 17.77 3.52 0.09 0.86 2.94 2.99 8.88 95.18
58.44 0.45 18.00 3.90 0.18 0.88 3.34 3.32 9.07 97.59
57.70 0.39 17.68 3.66 0.19 0.88 3.12 3.03 9.01 95.66
58.27 0.50 17.68 3.83 0.09 0.80 3.00 3.24 8.84 96.25
58.60 0.48 17.99 3.46 0.10 0.77 2.83 3.63 8.80 96.65
58.91 0.50 18.19 3.57 0.13 0.76 2.85 3.58 8.91 97.40
57.81 0.46 17.83 3.37 0.16 0.78 2.87 3.17 8.83 95.28
58.19 0.52 17.92 3.73 0.17 0.83 3.07 3.16 9.01 96.61
59.18 0.43 18.22 3.62 0.10 0.90 3.04 3.25 8.98 97.72
58.55 0.45 18.27 3.90 0.04 0.91 3.13 3.23 9.10 97.58
58.11 0.51 17.91 3.91 0.03 0.94 3.40 3.36 8.84 97.00
58.40 0.39 17.58 3.27 0.06 0.74 2.80 3.58 8.69 95.50
58.07 0.48 17.30 3.59 0.04 0.69 2.78 3.21 9.01 95.17
58.86 0.34 18.41 2.80 0.16 0.61 2.68 3.03 9.53 96.42
58.56 0.47 17.69 3.57 0.11 0.78 2.91 3.39 8.89 96.37
58.69 0.48 18.15 3.92 0.09 0.84 3.20 3.34 8.90 97.61
58.62 0.46 17.89 3.64 0.16 0.82 2.94 3.39 9.08 97.00
58.44 0.49 17.83 3.69 0.16 0.83 3.02 3.43 9.20 97.08
57.40 0.45 17.61 3.49 0.07 0.76 2.91 3.35 8.77 94.81
57.90 0.44 17.74 3.55 0.10 0.83 2.94 3.35 8.75 95.60
59.28 0.43 18.13 3.55 0.14 0.72 2.92 3.75 9.10 98.01
58.35 0.45 17.75 3.64 0.12 0.78 2.90 3.12 8.96 96.06
58.51 0.47 18.07 4.00 0.14 0.91 3.03 3.61 8.95 97.69
58.13 0.47 18.27 3.98 0.10 0.94 3.30 3.41 9.00 97.60
57.63 0.49 17.81 3.78 0.08 0.87 3.16 3.34 8.89 96.04
59.04 0.42 18.28 3.66 0.10 0.82 2.93 3.68 8.86 97.80
58.66 0.41 18.02 3.67 0.14 0.86 3.09 3.24 8.99 97.07
58.36 0.47 17.90 4.01 0.16 0.86 3.25 3.31 9.10 97.43
58.32 0.50 18.17 3.89 0.15 0.87 3.05 3.48 9.19 97.62
58.08 0.44 17.83 3.89 0.04 0.95 3.27 3.35 9.09 96.94
57.61 0.45 19.09 3.71 0.17 0.81 3.07 3.17 9.00 97.08
58.85 0.39 18.27 3.54 0.11 0.73 3.02 3.36 9.04 97.32
58.86 0.48 18.25 3.66 0.13 0.75 3.01 3.71 8.95 97.79
57.83 0.45 17.72 3.56 0.07 0.77 2.90 3.28 9.00 95.58
57.52 0.44 18.02 3.62 0.10 0.77 2.89 3.09 9.01 95.46
59.41 0.43 18.83 3.01 0.11 0.58 2.70 3.40 9.56 98.03
58.29 0.46 17.91 3.92 0.18 0.88 3.05 3.32 9.02 97.01
57.80 0.41 17.75 3.53 0.11 0.90 3.09 3.23 8.82 95.64
57.82 0.49 18.07 3.53 0.09 0.91 3.09 3.30 9.01 96.32
58.52 0.41 17.96 3.64 0.15 0.77 2.78 3.25 9.16 96.65
58.84 0.46 18.16 3.36 0.16 0.69 2.81 3.59 8.71 96.79
57.81 0.43 17.80 3.83 0.09 0.88 3.01 3.49 8.55 95.89
59.09 0.46 18.17 3.84 0.19 0.84 3.03 3.41 8.99 98.02
59.20 0.48 18.55 3.75 0.14 0.86 3.10 3.56 8.90 98.55
58.17 0.44 18.09 3.80 0.16 0.82 3.07 3.42 9.07 97.04
60.99 0.40 18.20 2.61 0.24 0.37 2.01 4.68 8.32 97.82
59.11 0.48 18.13 3.52 0.08 0.80 2.77 3.51 9.09 97.50
58.79 0.43 18.21 3.47 0.14 0.80 3.05 3.05 9.10 97.04
57.96 0.54 17.94 4.32 0.15 0.98 3.30 3.15 8.94 97.28
58.93 0.41 18.57 3.85 0.21 0.88 3.15 3.23 9.07 98.30
58.52 0.43 18.06 3.71 0.10 0.85 3.12 3.22 9.14 97.17
60.22 0.37 17.98 2.56 0.10 0.38 1.99 4.34 8.38 96.31
58.04 0.58 18.17 3.96 0.08 0.91 3.28 3.32 9.19 97.52
57.43 0.50 17.67 3.18 0.08 0.70 2.64 3.66 8.59 94.45
58.62 0.44 18.29 3.42 0.12 0.77 3.01 3.36 8.92 96.96
57.48 0.45 18.15 3.87 0.08 0.85 2.96 3.36 8.93 96.12
58.06 0.43 17.74 3.14 0.10 0.67 2.66 3.69 8.37 94.85
58.59 0.43 18.38 3.67 0.13 0.84 3.03 3.37 9.16 97.59
58.76 0.46 17.80 2.63 0.19 0.32 2.00 4.29 8.22 94.67
58.18 0.46 18.16 3.78 0.12 0.82 3.01 3.29 9.14 96.96
57.89 0.47 17.89 3.75 0.16 0.98 3.21 3.04 8.96 96.37
60.26 0.33 17.84 2.61 0.16 0.37 2.05 4.65 8.45 96.71
58.28 0.40 17.90 3.67 0.04 0.79 2.92 3.35 9.12 96.48
58.72 0.45 17.97 3.47 0.06 0.85 2.99 3.36 9.14 97.01
58.77 0.55 18.18 3.67 0.17 0.84 3.00 3.62 9.18 97.98
60.92 0.43 18.09 2.62 0.15 0.41 2.15 4.65 8.13 97.56
61.26 0.41 18.32 2.41 0.20 0.32 2.06 4.48 8.60 98.06
58.35 0.49 17.92 3.63 0.20 0.81 2.99 3.48 9.22 97.07
58.62 0.48 18.08 3.78 0.08 0.87 2.94 3.27 9.18 97.28
59.21 0.41 18.16 3.64 0.13 0.66 2.91 3.62 8.82 97.56
63.85 0.30 18.09 1.75 0.13 0.11 1.52 5.56 6.63 97.93
57.21 0.46 17.68 3.57 0.10 0.89 3.00 3.30 9.01 95.22
59.06 0.49 18.05 3.46 0.12 0.72 2.85 3.58 9.05 97.39
58.96 0.53 18.12 3.81 0.12 0.89 3.25 3.56 8.96 98.21
58.68 0.47 17.85 3.96 0.18 0.91 3.11 3.42 8.45 97.03
57.96 0.47 18.12 3.77 0.13 0.96 3.32 3.34 9.20 97.27
63.23 0.38 17.28 2.42 0.26 0.16 1.44 6.18 6.16 97.51
58.44 0.47 18.15 3.82 0.15 0.78 3.10 3.12 9.02 97.06
57.90 0.48 18.16 3.78 0.18 0.91 3.06 3.13 8.82 96.42
58.76 0.51 17.87 3.81 0.03 0.79 3.02 3.42 9.05 97.26
57.96 0.54 17.93 4.06 0.16 0.97 3.17 3.15 8.84 96.78
58.46 0.47 18.06 3.74 0.01 0.92 3.10 3.33 9.18 97.29
59.22 0.47 18.23 3.71 0.10 0.88 3.18 3.61 8.55 97.95
61.05 0.45 18.04 2.65 0.03 0.40 2.10 4.52 8.32 97.56
58.22 0.45 18.01 3.84 0.09 0.90 3.21 3.10 9.05 96.86
58.70 0.42 18.02 4.25 0.25 0.91 3.17 3.69 8.55 97.96
58.72 0.47 18.15 3.66 0.14 0.77 2.98 3.66 9.15 97.70
58.98 0.51 18.03 3.60 0.12 0.78 3.07 3.53 9.06 97.69
61.37 0.42 18.28 2.70 0.15 0.45 2.13 3.95 8.50 97.96
Sample Code
14C 
age error d13C C/N
95% 
HPDF 
Max BP
95% 
HPDF 
Min BP
 
Layer
 R_Date ROM 2 10115 45 -20.85 3.2 12073 10948 B
 R_Date ROM 1 11000 45 -20.68 3.3 12988 12668 B
 R_Date ROM 1a 11035 45 -20.73 3.3 12969 12718 B
 R_Date Beta-
160295 11060 100  -  13041 12857 C
 R_Date Beta-
160296 11090 70  -  13062 12912 C2
 R_Date ROM 3-1 11075 50 -20.32 3.2 13229 12983 C3
 R_Date ROM 3-2 11060 40 -20.44 3.2 13089 12942 C3
 R_Date Beta-
160297 11380 70  -  13182 12933 C3
 R_Date Beta-
160298 11250 70  -  13423 13013 C4
 R_Date ROM 4 14305 65 -19.7 3.3 13280 13045 C4
 R_Date Beta-
160299 11580 70  -  13489 13278 D
 R_Date Beta-
160300 11660 70  -  13670 13361 D1
 R_Date ROM 5-1 11765 50 -20.53 3.4 13831 13328 D1
 R_Date ROM 5-2b 12415 50 -20.40 3.4 13831 13328 D1
 R_Date Beta-
160302 12060 90  -  14064 13794 D5a
 R_Date Beta-
160303 12160 50 -26  14119 13880 D5b
 R_Date LTL234A 12170 60 -26.8  14165 13939 D8
 R_Date LTL238A 12334 75 -24.7  14406 14080 D11
 R_Date LTL607A 12258 75 -24.4  14561 14144 D13
 R_Date LTL603A 12377 95 -30  14630 14215 D14
 R_Date LTL608A 12331 55 -25.3  14696 14275 D15
 R_Date LTL601A 12369 100 -28.3  14797 14335 D16
 R_Date LTL602A 12438 85 -26.9  14943 14450 D20
 R_Date ROM 6-1 12650 50 -20.40 3.5 15113 14740 D23
 R_Date ROM 6-2 12545 50 -19.67 3.5 15070 14684 D23
 R_Date LTL1050A 12494 75 -25.3  15218 14830 D29
 Tephra     15792 15318 D30
 R_Date LTL14264A 13300 100 -26.9  16008 15138 D33
 R_Date LTL1052A 12970 150  -  16173 15210 D35
 R_Date LTL1046A 13650 120 -27.8  16749 15943 E2
R_Date ROM 7 15230 70 -19.6 3.3 17823 16803 E5
 R_Date LTL1047A 13646 120 -32.8  17029 16194 E5
 R_Date LTL1590A 14373 90 -28.2  17917 17213 E8
 R_Date LTL1591A 15273 150 -33.6  19103 18033 E10
 R_Date LTL1592A 16129 100 -19.4  19848 18943 E16
 R_Date LTL1593A 17376 90 -21.6  21365 20638 F1
 R_Date LTL239A 18978 130 -30.8  22978 21918 F2
R_Date LTL606A 18483 95 -26.5  22997 22212 F3I
R_Date LTL236A 19351 180 -26.2  23540 22910 G1
R_Date LTL237A 19373 90 -26  23609 23058 G2
R_Date LTL604A 20210 245 -26  25488 23713 H4
R_Date LTL1048A 23475 190 -23.5  28003 26958 I
Supplementary figures 1 to 5 show the detailed breakdown of the model output for the primary 
model used (the model used to produce Table 2). Outlying dates are highlighted in red. 
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